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cytokines and the systemic proinflammatory state that is recognized as a hallmark of obesity and the metabolic syndrome (7) . Indeed, inflamed adipose tissue is implicated in the pathogenesis of insulin resistance, type 2 diabetes mellitus (T2DM), endothelial dysfunction, and atherosclerosis (5) .
The current standard of care for patients upon diagnosis of T2DM is pharmacologic treatment with metformin, and advice that the patient become physically active and lose weight (1) . These therapies are well established as effective glucoselowering and insulin-sensitizing approaches when prescribed in isolation to insulin-resistant patient populations (4, 22) , and there is some evidence to indicate that the inflammatory component of these pathologies can be ameliorated by exercise or metformin treatment when prescribed individually (8, 30, 31, 33, 41) . The combined treatments, however, have received less attention. Exercise and metformin produced additive effects on GLUT4 protein expression in skeletal muscle of Zucker diabetic fatty rats fed a high-fat diet, suggesting a possible metabolic benefit of the combined therapies (38) . On the other hand, recent data from prediabetic humans indicate that exercise combined with metformin therapy may not necessarily produce favorable influences on certain metabolic syndrome parameters (22, 23) . In fact, the typically observed insulin sensitization effect of exercise training may be blunted with metformin cotherapy (22) . It is unclear why the combined therapies did not produce beneficial effects, but interestingly, the inflammatory marker C-reactive protein was reduced by both treatments individually but not by the combined therapies (23) , raising the hypothesis that inflammation may have played a role. However, the combined effects of exercise training and metformin on systemic inflammatory markers or on the inflammatory phenotype of particular sources of systemic inflammation (e.g., adipose tissue) have, to our knowledge, never been examined.
The aim of the present investigation was to test the hypothesis that exercise training, metformin, and their use in combination decrease secretion of inflammatory markers by adipose tissue and, as a result, normalize plasma concentrations of a panel of cytokines with known roles in insulin resistance and CV disease. The eight cytokines chosen for investigation have established roles in 1) immunity and inflammatory responses [i.e., leptin, interleukin (IL)-6, IL-1␤, and tumor necrosis factor (TNF)-␣], 2) recruiting immune cells into inflamed tissue [i.e., IL-12p70, monocyte chemoattractant protein (MCP-1), and RANTES (regulated-upon-activation, normal T-cell expressed, and presumably secreted)], and 3) anti-inflammatory effects via repression of proinflammatory cytokine activity and signaling (i.e., IL-10). Using the hyperphagic, obese, insulinresistant, type 2 diabetic Otsuka Long-Evans Tokushima Fatty (OLETF) rat model, we tested the hypothesis that endurance exercise treadmill training or metformin used both alone and in combination would favorably influence the secretion of these cytokines from adipose tissue. We also hypothesized that treatment effects on adipose tissue cytokine secretion would be related to effects on circulating cytokine levels, adipocyte diameter, and body composition.
METHODS

Animals and experimental design. Male Long-Evans Tokushima
Otsuka (LETO; n ϭ 10) and OLETF rats (n ϭ 48) were obtained at age 4 wk (Tokushima Research Institute, Otsuka Pharmaceutical; Tokushima, Japan). The OLETF rat, characterized by a mutated cholestykinin-1 receptor that results in a hyperphagic phenotype, is an established model of obesity, insulin resistance, and T2DM (12) . Animals were individually housed in a temperature-controlled (21°C) environment with 0600 -1800 h light and 1800 -0600 h dark cycles. The rats were randomly assigned to one of four groups (n ϭ 12/ group): 1) sedentary (O-Sed), 2) endurance exercise (O-EndEx), 3) metformin treatment (O-Met), or 4) endurance exercise and metformin combined (O-EϩM). Sedentary LETO (L-Sed) animals were used as healthy, nonhyperphagic controls. At age 19 wk, all animals except L-Sed were exposed to treadmill running at 15 m/min for 5 min/day to allow for acclimation to the running stimulus. Treatments began at 20 wk of age, because our group has previously documented that the OLETF rat becomes hyperglycemic and hyperinsulinemic at this age and exhibits elevated hemoglobin (Hb) A1c levels (3, 17, 35, 36) . EndEx treatment initially consisted of treadmill running at a speed of 15 m/min on a 15% incline for 5 min/day. Duration and speed were gradually increased by 2-3 min/day and 1-2 m/min per wk such that by wk 4 the animals were running at a speed of 20 m/min on a 15% incline for 60 min/day, 5 days/wk. This training volume was maintained for the remainder of the experiment until animals were killed. Metformin (Bosche Scientific) was administered in drinking water (150 mg·kg Ϫ1 ·day Ϫ1 during the first week; 300 mg·kg Ϫ1 ·day Ϫ1 thereafter) (25) . All groups were given ad libitum access to standard chow with a macronutrient composition of 56% carbohydrate, 17% fat, and 27% protein (Formulab 5008, Purina Mills, St Louis, MO). Rats were anesthetized at 30 -32 wk of age with an intraperitoneal injection of sodium pentobarpital (100 mg/kg). Tissues were then harvested and the animals were killed by exsanguination. The last exercise bout for O-EndEx and O-EϩM animals was performed ϳ18 h prior to death. Food was removed from the cages 12 h prior to death, and water (including metformin-treated water for O-Met and O-EϩM groups) was removed on the morning of the experiment (ϳ1 h prior to death). All protocols were approved by the University of Missouri Animal Care and Use Committee. Body weight, body composition, and food intake. Body weights and food intakes were monitored and recorded on a weekly basis. Weekly food intakes were averaged across the period of the intervention (age 20 -30 wk). Body composition was assessed by dual energy X-ray absorptiometry (DXA; Hologic QDR-1000, calibrated for rodents) on the day of death. Omental and retroperitoneal (RP) adipose tissue depots were then removed and weighed to the nearest 0.01 g.
Blood parameters. Whole blood was collected on the day of euthanasia for analysis of glycosylated hemoglobin (HbA1c) by the boronate-affinity high-performance liquid chromatography method (Primus Diagnostics, Kansas City, MO) in the Diabetes Diagnostics Laboratory at the University of Missouri. Serum samples were prepared by centrifugation and stored at Ϫ80°C until analysis. Glucose, triglyceride (TG), and nonesterified fatty acid (NEFA) assays were performed by a commercial laboratory (Comparative Clinical Pathology Services, Columbia, MO) on an Olympus AU680 automated chemistry analyzer (Beckman-Coulter, Brea, CA) using commercially available assays according to manufacturers' guidelines. Plasma insulin concentrations were determined using a commercially available, rat-specific enzyme-linked immunosorbent assay (Alpco Diagnostics, Salem, NH). Samples were run in duplicate and manufacturers' controls and calibrators were used according to assay instructions.
Immunohistochemistry. Formalin-fixed RP adipose tissue samples were processed through paraffin embedment, sectioned at 5 m, and stained with hematoxylin and eosin for morphometric determinations. Sections were examined using an Olympus BX60 photomicroscope (Olympus, Melville, NY) and photographed at 10ϫ magnification using a Spot Insight digital camera (Diagnostic Instruments, Sterling Heights, MI). For each sample, no less than five fields of view were selected for the analysis. The diameters of at least 100 adipocytes were measured using Image Pro imaging software (MediaCybernetics, Bethesda, MD). The average value of these 100 individually measured adipocyte diameters was calculated for each rat. In addition, the distribution of cells of discrete size categories was examined as described previously (17, 18) . A single operator who was blind to the study performed all imaging and adipocyte diameter measurements.
Preparation of adipose tissue-conditioned buffers. At death, RP adipose tissue depots were harvested for preparation of adiposeconditioned buffer as described previously (29), with minor modifications. Briefly, one of the two RP fat pads were incubated in filter-sterilized physiological saline solution (PSS; pH 7.4; 6 g tissue/ ml) for 60 min at 37°C in a shaking water bath. In pilot experiments of 30-, 60-, and 120-min adipose tissue incubations, the 60-min incubation protocol produced optimal results for the purposes of the present study. PSS contained (in mM): 25 3-(N-morpholino)propanesulfonic acid (MOPS), 1.2 NaH 2PO4, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, 145 NaCl, 4.7 KCl, 2.0 CaCl2, and 1.17 MgSO4. Following incubation, the tissue was discarded and the conditioned buffers were aliquoted and stored at Ϫ80°C for future analysis. Our modified approach of using 6 g tissue/ml PSS instead of 3 g tissue/ml PSS as described by Payne et al. (29) was chosen in light of the fact that their adipose tissue-conditioned medium contained concentrations of cytokines that were at or near the lower limit of detection of the assay. Thus with a more concentrated conditioned media preparation we expected to observe concentrations of cytokines that were well within the normal limits of the multiplex assay that we employed (and importantly, also used by Payne et al., Ref. 29) . Additionally, an alternative approach would have been to use a fixed amount of adipose tissue for the conditioned buffers rather than the whole RP fat pad, and adjusting the volume of sterile PSS added to achieve the desired concentration of 6 g/ml. However, this approach would have required cutting and handling the tissue, which might have been problematic given observations from our group indicating that mincing/cutting of adipose tissue induces substantial (ϳ200-fold) expression of inflammatory genes such as TNF-␣ (J.M. Company and F.W. Booth, unpublished observations). Thus all samples were handled with minimal cutting of the tissue beyond that required for the dissection and were rapidly weighed and placed in sterile PSS. It was ensured that buffer volumes were sufficient to cover the entire sample. Finally, the use of a strong buffering agent (i.e., high concentration of MOPS) was employed to prevent unwanted confounding effects of hypoxia and any consequent metabolic acidosis.
Cytokine concentrations in conditioned buffers and plasma. Adipose tissue-conditioned buffers and plasma samples were assayed in duplicate for concentrations of leptin, IL-1␤, IL-6, IL-10, IL-12p70, MCP-1, TNF-␣, and RANTES using a multiplex cytokine assay (Millipore Milliplex, cat no. RCYTOMAG-80K; Billerica, MA) on a MAGPIX instrument (Luminex Technologies; Luminex , Austin, TX) according to the manufacturer's instructions.
Statistics. One-way analysis of variance (ANOVA) was used to test for differences among groups in body weights, food intakes, percent body fat, fat pad weights, adipocyte diameters, and cytokine concen-trations in adipose tissue-conditioned buffers and plasma. Fishers protected least significant difference post hoc comparisons were performed in the event of a significant omnibus ANOVA. All analyses were performed using SPSS version 19 software (IBM, Chicago, IL). Data are presented as means Ϯ SE, and P Յ 0.05 was used as the criterion for statistical significance.
RESULTS
Body weight, body composition, and food intake. Mean body weights, percent body fat, fat pad masses, and food intake were all significantly greater in the O-Sed group than the L-Sed group (Fig. 1 , A-G, P Ͻ 0.05). O-EndEx, O-Met, and O-EϩM groups had 15%, 6%, and 21% lower body weights than the O-Sed group, respectively (all P Ͻ 0.05 vs. O-Sed and P Ͻ 0.05 vs. each other; Fig. 1A ). The food intake data ( Blood parameters. Blood parameters are presented in Table 1 . HbA1c levels were lower (P ϭ 1.1 ϫ 10 Ϫ14 ) in L-Sed than Table 1 . Blood parameters O-Sed animals. Analysis of intervention effects indicated that O-EndEx, O-Met, and O-EϩM animals had lower HbA1c levels than O-Sed animals (all P Ͻ 0.05), although only O-EϩM levels were restored to levels of L-Sed animals such that the pairwise comparison between the two groups was not statistically significant (see exact P values in footnote in Table  1 ). Serum glucose, insulin, TG, and NEFA levels were all significantly greater in O-Sed than in L-Sed animals (all P Ͻ 0.05), and whereas all levels in O-Met animals were not different from those in O-Sed animals, they were all significantly lower in O-EndEx and O-EϩM animals (P Ͻ 0.05). Further, insulin levels were completely normalized in O-EndEx animals to levels found in L-Sed animals, while glucose, insulin, and TG were all completely normalized in O-EϩM animals (although the P values for TG approached statistical significance; see footnote in Table 1 ).
Adipocyte diameters. The O-Sed group had significantly more adipocytes of larger sizes (i.e., the RP adipocyte diameter distribution curve of the O-Sed group was shifted to the right relative to the L-Sed group; Fig. 2A ). Among the OLETF intervention groups, only the O-EϩM rats displayed an adipocyte diameter distribution that resembled that of the L-Sed rats ( Fig. 2A) . Analysis of adipocyte diameter summary data ( Fig. 2B ) indicated that O-Sed rats had significantly larger average adipocyte diameters than L-Sed rats (P Ͻ 0.05), and average adipocyte diameters in O-EϩM rats were significantly smaller than those of O-Sed rats but not significantly different from those of L-Sed rats (P Ͼ 0.05; Fig. 2B ). Adipocyte diameters of O-EndEx animals did not differ from those of other intervention groups.
Retroperitoneal adipose tissue cytokine secretion and plasma cytokine concentrations. RP adipose tissue-secreted leptin (Fig. 3A) was greater in O-Sed animals than in L-Sed animals (2.6-fold, P Ͻ 0.05), while that in O-EndEx, O-Met, and O-EϩM animals was lower than that of O-Sed animals by 18% (trend: P ϭ 0.07), 33% (P Ͻ 0.05), and 50% (P Ͻ 0.05), respectively. IL-10 secretion was 43% lower in O-Sed than L-Sed animals (P Ͻ 0.05; Fig. 3B ). O-EndEx and O-EϩM animals had IL-10 secretion levels that were ϳ130 -140% greater than levels in O-Sed animals (P ϭ 0.02 and P ϭ 0.03, respectively), but they were not different from levels in L-Sed animals (P ϭ 0.75 and P ϭ 0.94, respectively), and O-Met IL-10 secretion was not different from that of O-Sed, O-EndEx, or O-EϩM groups (Fig. 3B) . Because there were substantial differences among groups in RP mass, it is possible that the contribution of this depot to systemic (plasma) levels of leptin and IL-10 were linked to differences in RP mass. Thus to account for differences in fat pad weights, we calculated secretion levels from the whole fat pad as the product of leptin and IL-10 concentrations in the conditioned buffer (pg/ml) ϫ RP mass (g). Levels of leptin secretion in O-Sed animals from the whole RP pad were ϳ17-fold higher than those of the L-Sed group (P Ͻ 0.05), while O-EndEx, O-Met, and O-EϩM groups had 57%, 45%, and 77% lower levels than the O-Sed group (all P Ͻ 0.05; Fig. 3C ). Levels of IL-10 secretion in O-Sed animals from the whole RP pad were approximately threefold greater than those of the L-Sed group (P Ͻ 0.05), whereas there were no significant differences among O-Sed and the intervention groups (P Ͼ 0.05; Fig. 3D ).
Plasma leptin levels were ninefold higher in O-Sed than in L-Sed animals (P Ͻ 0.05), whereas O-EndEx and O-EϩM animals had, respectively, 65% and 75% lower plasma leptin levels than O-Sed animals (P Ͻ 0.05; Fig. 3E ). Plasma IL-10 levels were greater in all OLETF groups than the L-Sed group (P Ͻ 0.05), and although the mean IL-10 levels were highest in O-EndEx animals, the differences among OLETF groups were not statistically significant (Fig. 3F) .
To investigate the functional implications of the effects of the endurance exercise training, metformin, and combined interventions on adipose tissue cytokine secretion, we examined the relationships among mean concentrations of leptin (Fig. 4A ) and IL-10 ( Fig. 4B ) present in adipose tissueconditioned buffers vs. their mean plasma concentrations. There was a positive linear relationship between concentrations of leptin in adipose tissue-conditioned buffers and plasma across group means (r ϭ 0.85, Fig. 4A ). Similarly, there was a strong relationship between secreted and circulating IL-10 concentrations (r ϭ 0.81, Fig. 4B ), although this relationship was observed only within the OLETF rats (i.e., when L-Sed means were excluded from the analysis there was no apparent relationship with all groups included). The relationships among group means in plasma leptin and IL-10 concentrations with their respective secretion levels from the whole fat pad (pg/ml ϫ g tissue) were quite strong (r ϭ 0.97 for leptin, r ϭ 0.92 for IL-10; Fig. 4, C and D) .
Adipocyte diameter group means were strongly and positively related to means for adipose tissue-secreted leptin (r ϭ 0.87; Fig. 5A ) and negatively related to means for adipose tissue-secreted IL-10 (r ϭ Ϫ0.81; Fig. 5B) . Similarly, means of percent body fat were positively related to adipose tissuesecreted leptin (r ϭ 0.83; Fig. 5C ) and negatively related to adipose tissue-secreted IL-10 (r ϭ Ϫ0.83; Fig. 5D ).
To gain insight into whether these treatment effects on leptin and IL-10 RP adipose tissue secretion and their plasma concentrations were related to our observations of improved HbA1c levels, we also examined correlations among mean concentrations of plasma leptin and IL-10 concentrations vs. HbA1c levels. Although there was only a weak relationship between plasma IL-10 and HbA1c among the groups (r ϭ 0.20), the relationship between plasma leptin and HbA1c was robust (r ϭ 0.91, Fig. 6 ).
The remaining cytokines examined are presented in Table 2 (adipose tissue) and Table 3 (plasma). There were few statistically significant differences among groups in these cytokines in adipose tissue-conditioned buffers, with the exceptions of higher MCP-1 and IL-6 secretion in L-Sed animals than in the other groups, with TNF-␣ and IL12-p70 being lowest in O-EϩM animals (all P Ͻ 0.05; Table 2A ). Secretion levels of IL-1␤, IL-12p70, MCP-1, and RANTES from the whole RP fat pad (pg/ml ϫ g RP mass) were significantly greater in O-Sed than L-Sed animals (all P Ͻ 0.05; Table 2B ). The elevations of IL-1␤ in O-Sed animals were partially corrected in O-EndEx and O-EϩM animals (P Ͻ 0.05 vs. O-Sed) but not restored to the level found in L-Sed animals, while O-Met IL-1␤ levels were higher than those of L-Sed animals but were not different from those of O-Sed animals. IL-12p70, MCP-1, and TNF-␣ were completely normalized (i.e., they were not different from levels in L-Sed animals) in the O-EndEx and O-EϩM groups, but not in the O-Met group. RANTES secretion levels from the RP pad were partially reversed in the O-EndEx group, were not different between O-Met and O-Sed groups, and were completely reversed in the O-EϩM group.
In plasma (Table 3) , the O-Sed group had significantly higher IL-6 and IL12p70 concentrations than the L-Sed group, but there were no differences among O-Sed and the OLETF intervention groups (P Ͼ 0.05). Plasma MCP-1 concentrations were lower in O-EndEx and O-EϩM groups than all other groups (P Ͻ 0.05). There were no significant relationships between adipose tissue-conditioned buffer and plasma concentrations among cytokines other than leptin and IL-10.
DISCUSSION
The major findings of the current study are as follows: 1) leptin secretion from adipose tissue is reduced by metformin with or without endurance exercise treadmill training; 2) IL-10 secretion from adipose tissue is increased by treadmill exercise training with or without metformin; and 3) only the combination of endurance training and metformin is effective in both reducing leptin secretion and increasing IL-10 secretion in the OLETF rat model of obesity and insulin resistance. These treatment effects on adipose tissue secretion of leptin and IL-10 were closely linked to effects on adipocyte diameter and body composition and to effects on plasma concentrations. Impor- tantly, our finding that IL-10 secretion was enhanced by exercise training is to our knowledge the first indication that exercise training can increase secretion of an anti-inflammatory factor from adipose tissue. These data highlight the notion put forth by Thyfault and Rector (44) that exercise has a beneficial impact on other tissues besides skeletal muscle. Overall, this study provides evidence from an obese rodent model that treatment of insulin resistance/T2DM with exercise training, metformin, and particularly the two treatments combined, can favorably alter adipose tissue secretion and plasma concentrations of leptin and IL-10 and shift the adipose tissue toward an anti-inflammatory phenotype. Leptin is secreted primarily from white adipose tissue and, although it was originally believed to function just as a satiety hormone, it is now known that in excess, it may have deleterious effects on numerous tissues (10, 14, 28) . The most consistent circulating leptin-lowering effects of exercise have been observed when weight loss is achieved (15, 16, 21, 32, 34, 43) . Indeed, the available data suggest that regular exercise without weight loss has little effect on circulating leptin concentrations (21, 43) or leptin gene expression in adipose tissue (46, 47) . Our data are in line with those of previous observations, in that leptin secretion and circulating levels were restored in O-EϩM animals to the lower levels observed in L-Sed rats. Because this reversal was not observed in either O-EndEx or O-Met animals alone, our data stimulate the hypothesis for future studies that combined metformin therapy and lifestyle modification with exercise training may be optimal for the reduction of circulating leptin concentrations in obese, insulin-resistant humans. Furthermore, data from rodents (17, 27, 49) and humans (16, 34) also support the idea that alterations in adipocyte size are closely associated with circulating leptin concentrations. This is in agreement with our observed relationship between adipocyte diameters and adipose tissue leptin secretion, which was in turn, related to plasma leptin concentrations (whether expressed as concentrations in the conditioned buffers or as secretion from the whole fat pad). There is some evidence that metformin also is effective in reducing plasma leptin concentrations (8) and in vitro secretion from cultured adipose tissue (26) ; however, the combined treatments have not been previously investigated. Therefore, our study provides the first evidence that the combination of exercise and metformin treatment initiated at the onset of T2DM and moderate insulin resistance not only reduces the secretion of leptin from adipose tissue, but restores leptin secretion to the level observed in lean, healthy rats (L-Sed).
The anti-inflammatory actions of IL-10 include suppression of nuclear factor-B induction by proinflammatory cytokines (e.g., TNF-␣ and IL-1␤) and stimulation of an anti-inflammatory gene expression program (42) . It seems possible that the effect on adipose tissue IL-10 could have systemic consequences for circulating levels of IL-10, because secreted and plasma IL-10 levels were correlated within the OLETF groups. Thus given the well-established anti-inflammatory role of IL-10, our data suggest that adipose tissue-derived IL-10 may be a signal participating in the beneficial effects of exercise on numerous tissues. Our data are generally consistent with previous findings regarding the effects of endurance training on IL-10 secretion/expression by different cell types. Basal IL-10 production by circulating monocytes has been documented to increase by ϳ10-fold following 6 mo of moderate endurance exercise training in patients at risk for ischemic heart disease (39) . Exercise training also increased IL-10 expression in RP fat in a cachectic rodent model (20) as well as in healthy rats (19) . To the best of our knowledge, the effects of metformin on adipose tissue-secreted or circulating levels of IL-10 have not been previously studied. The present study suggests that metformin therapy alone does not alter IL-10 secretion from adipose tissue.
Although we have focused the present report on our leptin and IL-10 data, there were some notable findings regarding the other cytokines included in our panel. First, our findings of greater adipose tissue IL-6 secretion in the L-Sed group than all OLETF groups (Table 2A) , with greater IL-6 plasma concentrations in the O-Sed group than in the L-Sed group (Table 3) , were unexpected. However, on the basis of prior evidence that IL-6 can stimulate lipolysis in adipocytes (45) and the smallest adipocyte diameters being associated with the highest IL-6 secretion in L-Sed and O-EϩM groups in our study, we can speculate that the greater IL-6 release from adipose tissue in these groups may reflect the known lipolytic effects of IL-6. Regarding our plasma IL-6 data, chronic circulating IL-6 concentrations are elevated in patients with inflammatory conditions such as CV disease and T2DM, which is consistent with our findings. However, IL-6 unequivocally has anti-inflammatory effects on several organs and tissues (6, 33) , and it is known that a high circulating level of IL-6 in chronic lowgrade inflammatory states does not necessarily mean that IL-6 is proinflammatory in every condition (31) . In addition, plasma MCP-1 and IL-12p70 were elevated in O-Sed animals and reduced to near L-Sed levels in O-EndEx animals, further supporting the efficacy of regular exercise for the reduction of systemic inflammation. However, these effects were not entirely consistent with concentrations observed in adipose tissue-conditioned buffers. Indeed, secretion of MCP-1 and several other cytokines (although only MCP-1 reached statistical significance) was, surprisingly, higher in the L-Sed group than all OLETF groups. A possible explanation for these dissociations between cytokine concentrations in the RP adipose tissue-conditioned buffers (Table 2A ) and plasma concentrations ( Table 3 ) might be that hyperphagia/obesity (O-Sed) and the different interventions produced markedly different total RP weights among the groups (Fig. 1E) . Thus the total contribution of adipose tissue-derived cytokines to the plasma concentrations might be driven by not only the amount of secretion per unit of tissue but also by the tissue mass. To gain insight into this issue, we calculated the product of cytokine concentrations in the conditioned buffers ϫ RP mass (Fig. 4 , C and D and Table 2B ). This metric seems to provide an index of RP adipose tissue contribution to the systemic circulation, because 1) total RP secretions of leptin and IL-10 were closely linked to their plasma concentrations, 2) the differences between L-Sed and O-Sed groups in MCP-1 secretion from the whole RP pad were more in line with plasma concentrations, and 3) O-EndEx and O-EϩM animals experienced partial or complete restoration of several cytokines to levels found in L-Sed animals (IL-1␤, IL-12p70, MCP-1, TNF-␣, and RANTES) when taking into account the differences among groups in RP fat mass in this manner. Thus taken together, these data indicate that exercise training, metformin, and particularly their combination might favorably influence the mass and inflammatory phenotype of adipose tissue in the OLETF rat, with potential functional relevance for systemic (plasma) levels of the adipose-derived cytokines we examined. Metformin increases fat oxidation during exercise (24), which could explain why our O-EϩM rats had smaller adipocyte diameters, lower percentages of fat, and lower omental fat mass than the O-EndEx group. Because the current literature supports the idea that the key initiating step in adipose tissue inflammation is adipocyte hypertrophy and subsequent infiltration of inflammatory immune cells (2, 9), we speculate that the normalization (i.e., complete restoration to L-Sed levels) of adipocyte diameter in the O-EϩM group is an important mechanism underlying our observation of normalized HbA1c levels in this group. In support of this speculation, our data indicate that only O-EϩM animals exhibited complete normalization in adipocyte diameter, which was also associated with complete normalization of leptin secretion and plasma leptin levels, which were in turn, associated with the normalized HbA1c levels (Fig. 6 ). These data are consistent with the notion that adipocyte hypertrophy (more so than increases in percent of fat or adipose tissue mass, which were not restored to L-Sed levels in any OLETF intervention group) is a key therapeutic target for the treatment of obesity-related CV and metabolic complications (9) .
Recent studies in humans indicate that adding metformin to exercise training might actually blunt favorable training-induced adaptations in CV/metabolic variables in the OLETF rat such as insulin sensitivity (22) and metabolic syndrome score (23) . In contrast, we observed additive beneficial effects of the combined therapies on glucose, insulin, and HbA1c such that levels in O-EϩM animals were restored to those in L-Sed animals. Thus there is clearly a need for further work to reconcile the discrepancy between the previous findings from humans and the present data from the OLETF rat model. Nevertheless, our findings of improved HbA1c, glucose, and insulin levels were closely linked to adipose tissue-secreted leptin and plasma leptin concentrations. Because leptin can inhibit insulin-stimulated glucose uptake in skeletal muscle and adipose tissue (11, 40, 48) , it seems possible that attenuated adipose tissue-derived leptin secretion might play a mechanistic role in the favorable effects of combined endurance training and metformin treatment on glycemic control in the OLETF rat model.
Limitations. Although our study achieved its primary aim of testing the hypothesis that endurance exercise plus metformin can improve inflammatory cytokine secretion from adipose tissue, we were unable to answer all of the mechanistic questions related to its outcomes. Because our goal was to study adipose tissue as a tissue (i.e., a collection of cells with their in vivo interactions remaining largely intact), our study did not establish the contributions of adipocytes vs. resident immune cells within the adipose tissue to the secretion of IL-10, leptin, and the other cytokines we examined. However, on the basis of substantial evidence, it seems likely that leptin was largely derived from the adipocytes while the remaining cytokines were primarily derived from the nonadipose immune cells residing within the tissue (7). Further, our approach of studying secretion from whole adipose tissue explants has been promoted as a strategy for studying the effects of lifestyle interventions on adipose tissue physiology (13) . Nevertheless, examination of the effects of exercise training and metformin on adipocytes and adipose tissue-resident immune cells in isolation will be an important priority for future studies. Additionally, because the effects of our interventions on body composition and adipocyte sizes were closely related to effects on cytokine secretion, we cannot be certain whether the altered cytokine secretion was due to exercise training/metformin effects per se or simply a consequence of changes in adipose tissue mass or cell size. Further studies are required to examine the effects of the interventions used in the present study, independent of changes in fat mass, on adipose tissue inflammation. We also did not assess clearance of the cytokines from the circulation, which likely influenced our observations relative to plasma cytokine concentrations in addition to secretion. Finally, we have not yet examined whether other tissues (e.g., the vasculature) might be favorably influenced by exercise/ metformin treatment-induced changes in their "crosstalk" with adipose tissue.
Conclusions. In summary, combined metformin and exercise training treatment had more potent effects than either treatment alone on adipose tissue secretion and plasma concentrations of IL-10 and leptin in OLETF rats. These effects of combined exercise training and metformin were associated with complete reversal of elevations in serum glucose and insulin levels, HbA1c, omental fat mass, and adipocyte diameters. Overall, we conclude that the combination of exercise training and metformin therapy may be an effective approach to attenuate the adipose tissue inflammation associated with obesity and metabolic disease.
